accounting for as much as 80 to 90% of total P lost from pasture systems (Edwards and Daniel, 1993 hence P runoff from fields fertilized with treated ma- 
practices to reduce P runoff from manure. This study was conducted to compare the effects of dietary modification and aluminum chloride ments to poultry litter could reduce P solubility. How- hence P runoff from fields fertilized with treated mato 2.6 mg P L Ϫ1 (a 53% reduction) using AlCl 3 . The mean SRP nure. Treatment of poultry litter with alum can reduce concentration in runoff from phytase diets without AlCl 3 was 7.1 mg P solubility up to 99% (Moore et al., 1999) , and has P L Ϫ1 during the first rainfall simulation. When phytase and AlCl 3 been shown to reduce P runoff from plots cropped to were used together, both manure SRP and P runoff were reduced tall fescue by as much as 87% (Shreve et al., 1995 ; Moore more than if either treatment were used without the benefit of the et al., 1999, 2000) . Both alum and AlCl 3 reduced P solu- in liquid manure, because in highly reducing environments such as swine manure, sulfate could be reduced to hydrogen sulfide (H 2 S), compounding problems asso-W hile the number of swine has remained constant ciated with odor from swine facilities. over the last 35 yr, the number of animals per farm Dietary modification has been used to reduce the has increased (USDA National Agriculture Statistics total P added to animal diets. Most grains used in animal Service, 2002) . Manure from these confined animal diets, such as corn, wheat, or soybean, store as much as feeding operations (CAFOs) is often field-applied to 80 to 90% of the total P in the form of inositol hexapastures at agronomic rates appropriate to supply suffiphosphate (phytate) (Turner et al., 2002) . Phytate-bound cient N to the crop. A low N to P ratio results in an P is relatively unavailable to animals, especially monooverapplication of P to these pastures, thereby unnecesgastrics, that do not benefit from the aid of the microflora sarily increasing the risk of P runoff, which has been and microfauna of the rumen in releasing of P from implicated in the accelerated eutrophication of U.S. surphytate. Phytase, an enzyme released by certain microface waters (Schindler, 1977) .
organisms (e.g., Aspergillus niger), has the ability to Soluble P, which is the form most readily available cleave the P from the phytate molecule (Nelson et al., for algal uptake, can be the dominant fraction in runoff, 1968; Kornegay, 1996) . Due to the poor availability of phytate-bound P to P in grain, and reduces the need for supplemental P, thereby reducing the total P load in manure.
Published in J. Environ. Qual. 33:1048 -1054 (Table 2) . A manure production spreadsheet ness of phytase and AlCl 3 at reducing P in manure, was supplied by the University of Arkansas Cooperative Extension Service, and daily manure production estimates were and to determine the effects of combining these best verified with data obtained from manure pits in this nursery.
management practices on P in manure applied to fields These values were used to calculate the volume of AlCl 3 apand the subsequent runoff.
plied to pits at the start of each phase. At the end of each phase, manure was homogenized by
MATERIALS AND METHODS
mixing for 5 min by pumping. One-liter samples were then Twenty-four pens with six nursery pigs each were used for taken immediately and sent to the lab for analysis. A predetertwo trials. A manure collection pit measuring 1.8 ϫ 1.3 ϫ mined volume of manure from the second trial was also col-0.5 m was constructed from stainless steel and located under lected and stored in plastic containers for use in rainfall simulaeach pen. Manure from each pen could then be analyzed tion studies (Table 2 ). The actual volume of this manure separately. The pigs were weighed and weaned at approxicollected was weighted according to the manure production mately 19 d of age, randomized by litter, and grouped by estimates that differed according to the age and weight of weight for placement into nursery pens. Each trial was 6 wk nursery swine throughout the trials. Table 2 gives the estilong and used a three-phase diet, with each diet phase lasting mated manure volume, actual manure volume, and the amount 2 wk.
of manure held back from each diet phase during the second trial for use in rainfall simulation studies. A 2 ϫ 4 factorial design was used with two levels of phytase Total solids in manure were determined by APHA Method sample was used for analysis of soluble P and metals, and total P and metals for each plot, as described above. 2540-B (American Public Health Association, 1992). Twenty milliliters of manure were dried in an aluminum weighing dish Phosphorus concentrations in runoff were log-normally distributed. Therefore, these concentrations were logarithmically at 103ЊC for 12 h or until a constant weight was achieved, and total suspended solids was analyzed using APHA Method transformed. Since many runoff P concentrations were Ͻ1.0 mg P L Ϫ1 , 1 was added to all P concentrations before logarithmic 2540-D (American Public Health Association, 1992), which involves filtering 3 mL of manure through a glass fiber filter transformation so that all values obtained were positive (Neter et al., 1996) . and drying at 60ЊC for 72 h or until a constant weight was observed. A 200-mL sample of manure was centrifuged at Statistical analysis was performed using GLM procedures in SAS Version 8.2 (SAS Institute, 1985) , and mean separation 15 000 ϫ g for 20 min, then filtered through a 0.45-m vacuum filter. A centrifuged, unfiltered sample was used to determine tests were performed using Fisher's protected least significant difference (LSD). Means and standard errors were calculated manure pH and alkalinity. Soluble reactive P was determined colorimetrically using a Technicon Autoanalyzer II (Techusing the PROC MEANS procedure in SAS. nicon Instruments Corp., Tarrytown, NY) on a filtered sample acidified to pH 2 with concentrated HCl. Soluble metals were
RESULTS AND DISCUSSION
analyzed on filtered, acidified samples using inductively coupled argon plasma (ICAP) spectrophotometry with a Spectro
Manure Physical Properties
Model D ICP (Spectro Analytical Instruments, Fitchburg, Manure treated with AlCl 3 had a higher level of ma-MA). Manure total metals were determined using ICAP specnure total solids than that from control pens ( pigs also had slightly higher total suspended solids comdrawn for analysis of soluble and total P (using methods depared with manure from pigs within the same AlCl 3 scribed above), and the amount required for application was treatment fed the normal diet.
withdrawn and applied to the plots at a rate equivalent to 50 000 L ha Ϫ1 . Plots for manure application were randomized
Manure Chemistry
for treatments based on Mehlich III soil test phosphorus (STP) with a mean roughly equivalent to 247 mg P kg Ϫ1 soil (Table 3) .
As expected, increasing levels of AlCl 3 reduced maFor the rainfall simulation study, we used four large rainfall nure pH (Table 5 ). This effect was also noted during simulators using eight TeeJet 1/2HH-SS30WSQ nozzles (Sprayin-situ manure analysis, which also showed reductions six discrete runoff samples using the flow-weighted average volume of runoff from each discrete sample. This composite As might be expected, reductions in manure pH from tent as found in previous studies, our results show that in-house treatment provides the added benefit of reAlCl 3 resulted in reduced alkalinity (Table 5 ). In the normal diet, alkalinity was reduced from around 6400 mg duced NH 3 volatilization (Smith et al., 2004) , as this would reduce ambient levels of NH 3 in the housing, and CaCO 3 L Ϫ1 to just under 4800 mg CaCO 3 L Ϫ1 with the highest rate of AlCl 3 , a 25% reduction in overall manure it could also lead to an increase in productivity through increased weight gains, resulting from reduced susceptialkalinity. When AlCl 3 was added to swine manure, foam formed on the manure surface. Smith et al. (2001) bility to respiratory diseases such as conchal atrophy and atrophic rhinitis. speculated that foam production might have been the result of CaCO 3 dissolution. These results tend to supDietary modification by the addition of phytase also reduced P solubility. Phytase significantly reduced maport that conclusion. Alkalinity in pens where phytase diets were fed tended to be slightly higher than that nure SRP from 178 mg P L Ϫ1 in normal diet pens to 137 mg P L Ϫ1 in phytase fed pens without AlCl 3 , a reducfound in normal diet pens at the same level of AlCl 3 treatment, due to the elevated levels of CaCO 3 in the tion of 23% (Fig. 1B) . Soluble P concentrations in manure were consistently significantly less in the phytase phytase diets. Supplemental CaCO 3 was needed for Ca supplementation where dicalcium phosphate levels were manure compared with manure from animals fed the normal diet. When both phytase and AlCl 3 at the 0.75% reduced in the phytase diets.
Total P in manure was not affected by the level of rate were used in combinations, soluble P was reduced by 84% compared with that from pens where neither AlCl 3 (Fig. 1A) . This was expected, because the manure treatment was not intended to reduce total P, but instead treatment was employed. Reduction of soluble P within an AlCl 3 treatment may be a result of an increased Al reduce P solubility. Manure from pigs fed phytase diets did show reductions in total P. The total P fed to pigs to P ratio, and hence an increased efficiency of the AlCl 3 treatment. Producers who need to reduce P solubility was reduced by 17% in phytase manure compared with normal diet manure, and overall the total P excreted in manure can accomplish that goal very effectively through use of both dietary modification and manure was reduced by 13% (Table 1 ; Fig. 1A ).
Manure SRP levels were reduced by both AlCl 3 and amendment.
In recent years concerns have been raised about the phytase (Fig. 1B) . Use of AlCl 3 reduced manure SRP by as much as 73% compared with control pens (48.6 mg P L Ϫ1 in 0.75% AlCl 3 pens and 178 mg P L Ϫ1 in control pens without phytase). These reductions were not as large as those found by Smith et al. (2001) , but in that study manure SRP measurements and application of manure to plots for rainfall simulations were immediately preceded by the addition of AlCl 3 . Results from the present study show the benefits of adding AlCl 3 in a "normal" production environment, where the AlCl 3 is present throughout the time that manure is added to the storage facility. We simulated pull-plug manure management. Operations that use this type of manure management commonly drain the manure pit and then fill the pit to a predetermined level with lagoon or "flush" water in 7-to 10-d cycles. We simulated this type of system because of the volume limitation of the manure pit located under each pen of pigs. Similar results could be anticipated with other manure management systems where the AlCl 3 is in contact with manure for a prolonged period, but research is needed to support this hypothesis.
Although soluble P was not reduced to the same ex- addition of Al to soils. Total aluminum in manure ranged from 10 mg Al L Ϫ1 in normal diet manure without AlCl 3 , to 380 mg Al L Ϫ1 in phytase manure with the high levels of AlCl 3 treatment. Thus, while increasing levels of AlCl 3 increased total Al levels in swine manure, phytase had little effect on total Al. Aluminum is the third most abundant element in the earth's crust (Schulze, 1989) . Therefore, adding Al at the rates we propose should have virtually no effect on the amount of Al found in the soil. For example, if AlCl 3 was added to manure at 0.75% and applied to land at 50 000 L ha Ϫ1 for 10 yr, the total aluminum in a hectare furrow slice would only increase by a total of 0.0095%. At this rate, it would take more than 1000 yr to increase the total Al in soils by 1%. Soluble Al was as much as three orders of magnitude less than total Al. Soluble Al ranged from 0.10 mg Al L Ϫ1 in the normal diet ma- the highest levels of soluble Al were found in manure from pens where there was no AlCl 3 treatment, while When phytase and AlCl 3 were used together, the phythe lowest levels of soluble Al were observed in pens tase reduced P runoff from plots fertilized with manure with AlCl 3 .
from pigs fed the normal diet at the same rate of AlCl 3 . At both the 0.50% and the 0.75% rates of AlCl 3 , phytase induced a significant reduction in P runoff (39 and 43%,
Runoff Chemistry
respectively) compared with the normal diet manure of The use of AlCl 3 appeared to have little effect on the same AlCl 3 treatment. This observation is encouragrunoff pH. Runoff pH from plots fertilized with manure ing, and indicates that combinations of best managefrom normal diets without AlCl 3 was roughly equivalent ment practices such as dietary modification and manure to that from plots fertilized with the high level of AlCl 3 amendments should be used by producers, especially in (7.32 and 7.30, respectively). Runoff water from plots areas where water quality has already been diminished treated with phytase manure tended to have slightly by applications of animal manure. lower pH compared with pens within the same AlCl 3
Manure was held for 3 d between the final manure treatment and normal diet although these differences collection from the third phase of the second trial and were not significant. With the exception of the plots manure application. To address potential concerns of treated with the 0.50% AlCl 3 , the trends were very simichanges in manure chemistry during this time, manure lar for manure pH and runoff pH. Fertilization with samples were collected immediately before application swine manure resulted in slightly higher runoff pH comto plots for rainfall simulation studies, as described in pared with unfertilized control plots.
Materials and Methods, above. When the soluble P conIn plots fertilized with manure from animals fed the centrations in these samples were compared with a normal diets, the runoff alkalinity increased slightly with weighted average of manure SRP concentrations from the increasing levels of AlCl 3 , while the runoff alkalinity three phases (Fig. 3) , there was a very strong correlation decreased in plots fertilized with phytase manure. As (m ϭ 0.98; r 2 ϭ 0.95). Other researchers have noted inexpected, runoff alkalinity from plots fertilized with macreases in P runoff when manure from dietary modification nure was higher than that collected from unfertilized treatments was applied to plots (DeLaune and Moore, control plots.
2001), while at least one researcher has attempted to Plots fertilized with manure from normal diet pens attribute these differences to changes in manure chemisand no AlCl 3 resulted in a mean runoff SRP of 5.66 mg try that occurred between manure collection and appli-P L Ϫ1 during the first rainfall simulation (Fig. 2) . Runoff cation (Waldroup, 2002) . Results from the current study SRP decreased with increasing levels of AlCl 3 . A 53%
indicate that there was very little, if any, change to reduction in SRP was noted when comparing the high manure chemistry during the 3-d holding period (Fig. 3) . level of AlCl 3 (0.75% v/v in manure) to the control Trends for total P in runoff from plots followed very treatment within the normal diet (5.66 and 2.65 mg P L Ϫ1
closely those for soluble P. Greater than 87% of the respectively). Phytase manure without AlCl 3 resulted in total P fraction in runoff was accounted for in the soluble runoff SRP concentrations of 7.14 mg P L Ϫ1 during the fraction, including the unfertilized control plots. This is first rainfall simulation. When comparing the mean for consistent with Edwards and Daniel's (1993) observaall three rainfall simulations, the normal diet, without tions that 80 to 90% of the total P runoff was in the AlCl 3 treatment, resulted in a mean runoff SRP of 2.6 mg soluble form in pasture systems, and is not uncommon P L
Ϫ1
, and the mean runoff SRP concentration resultfor plot research. ing from the phytase diet treatment with no AlCl 3 was Regression equations between P concentrations in runoff and manure SRP, manure total P, and soil test 3.3 mg P L Ϫ1 . to about 28 mg P L Ϫ1 in manure from pens using both phytase diet and AlCl 3 manure amendments at 0.75%, P are shown in Table 6 . Results from these regressions an 84% reduction in soluble P. indicate that manure SRP was the most important fracPhosphorus runoff losses were reduced when AlCl 3 tion in determining P losses from pasture systems espewas used by as much as 53% when comparing plots cially in the first rainfall simulation (Fig. 4) . These refertilized with manure treated with the high level of sults are consistent with Delaune et al. (2001) , who AlCl 3 to plots treated with manure from pigs fed a norindicated that when manure or some other form of solumal diet without AlCl 3 addition in the first rainfall simuble P (such as triple super phosphate) is added to a lation. There were no statistical differences between P pasture system, that the amount of soluble P applied runoff from plots fertilized with the manure treated with has the greatest effect on P lost in runoff.
AlCl 3 at the high rates and the unfertilized control plots. As with soluble Al in manure, AlCl 3 treatments had When dietary modification and AlCl 3 were used tolittle effect on soluble Al in runoff (no significant differgether, P runoff in the first rainfall simulation was reences; data not shown). The numerically highest levels duced to about 1.5 mg P L Ϫ1 , an overall reduction of of soluble Al lost in runoff were observed from plots 73% in P runoff. At the 0.50 and 0.75% AlCl 3 treatment with the lower AlCl 3 treatments, while some of the plots levels, P runoff was reduced by 39 and 43%, respecwith the lowest soluble Al runoff concentration were tively, when comparing the plots fertilized with phytase from plots fertilized with the highest rate of AlCl 3 . Simimanure to those plots fertilized with manure from anilar results were noted for total Al concentrations in mals fed the normal diet. runoff (no significant differences).
Aluminum in runoff was not affected by AlCl 3 treatment, either. Results of total Al analysis in manure
CONCLUSIONS
indicate that concerns of adding Al to soils, at the rates recommended here, are unjustified, particularly when Reducing nutrient losses, especially P losses from runoff, is essential to the animal agriculture industry for proconsidering that Al is the third most abundant element in the earth's crust. tection of surface water quality. Use of manure amendments and dietary modification are two methods that This study compares the use of dietary modification and manure amendments on P losses from pasture syshave been proposed for producers to use to accomplish the goal of reducing potential P losses from field-applied tems fertilized with swine manure. Both phytase and AlCl 3 reduced soluble P in manure. When AlCl 3 was animal manure.
It was found in this study that AlCl 3 manure amendused alone or in cooperation with dietary modification with phytase, P runoff was reduced. The potential effects ments could reduce soluble P as much as 73%, while dietary modification with phytase reduced SRP in maof using both treatments is very promising, and should be incorporated into commercial-sized operations on a nure by 17%. The use of both treatments reduced manure SRP from 178 mg P L Ϫ1 in normal swine manure limited scale to ensure that the benefits noted here can 
